Objective: Alterations in myocardial metabolism occur early after the onset of diabetes suggesting that they may play a role in the development of cardiac dysfunction. Inhibition of myocardial pyruvate dehydrogenase (PDH), glucose transport and glycolysis have all been reported following diabetes. In vivo lactate is also a potential source of energy for the heart and its oxidation should not be affected by changes in glucose transport and glycolysis. Therefore, the objective of this study, was to test the hypothesis that following diabetes the inhibition of glucose oxidation would be greater than the inhibition of lactate oxidation. Methods: Hearts from control and . Surprisingly, in hearts perfused with glucose plus 0.5 mmol / l lactate, there was no difference in glucose oxidation between control and diabetic groups (0.2060.05 vs. 0.1660.04 mmoles / min / g wet weight respectively). However, under these conditions lactate oxidation was markedly reduced in the diabetic group (0.8960.18 vs. 0.2460.05 mmoles / min / g wet weight; p,0.05). At 1.0 mmol / l lactate oxidation was still significantly depressed in the diabetic group. Conclusion: There was a greater decrease in lactate oxidation relative to glucose oxidation in hearts from diabetic animals. These results demonstrate that diabetes leads to a specific inhibition of lactate oxidation independent of its effects on pyruvate dehydrogenase.
Introduction
concept of a specific diabetic cardiomyopathy. Mustonen et al. reported abnormal cardiac function in diabetic Cardiovascular disease is a major factor contributing to patients, otherwise free of clinical signs of cardiovascular the marked increased rate of morbidity and mortality seen disease [4] . They concluded that the most likely explanain patients with diabetes [1] . The incidence of heart failure tion for their findings was an effect of diabetes on the is up to eight-fold higher in the diabetic population myocardium itself. Lehto et al., reached similar conclucompared to non-diabetics [2] and there is a three to sions in their investigation of increased mortality rates in six-fold increase in mortality associated with coronary diabetic patients following myocardial infarction [5] . Kanheart disease [3] . Although diabetes is associated with nel and colleagues have suggested that diabetes is a hypertension, obesity and hyperlipidemia which are inspecific cause of congestive heart failure independent of dependent risk factors for heart disease, both clinical and other risk factors for heart disease [6] [7] [8] . experimental evidence is accumulating to support the In animal models, diabetes results in numerous alterations in the myocardium, including changes in the contrac- lism, all of which could contribute to the development of of energy for the heart; however, they also inhibit carbohycardiac dysfunction. Interestingly, alterations in metabodrate oxidation by decreasing flux through PDH. In lism appear to precede changes in protein synthesis and addition, the relative impact of physiological concentraexpression as well as the development of functional and tions of fatty acids on the metabolism of pyruvate by PDH structural changes of the myocardium. This suggests that in hearts from control and diabetic animals is poorly changes in energy metabolism may play an important role understood. Therefore, in order to eliminate extraneous in the development of diabetes-induced cardiac dysfuncfactors that can modulate PDH activity, exogenous fatty tion [9] [10] [11] . Investigations into the effects of diabetes on acids were not included as substrates in these experiments. myocardial substrate selection and utilization, have typically focused on glucose and fatty acids as the substrates of interest (see Refs. [12, 13] for reviews). This is despite the 2. Methods fact that in the intact animal the heart will use a variety of substrates for energy production, including lactate and
The investigation conforms with the Guide for the Care ketone bodies. Under in vivo conditions lactate has been and Use of Laboratory Animals published by the US shown to be a significant source of energy for the heart National Institutes of Health (NIH Publication No. 85-23, [14, 15] . For example, Drake and colleagues have shown revised 1996). Diabetes was induced in male, Spraguethat the extraction rate of lactate by the heart is proporDawley rats (270-320 g) with streptozocin (STZ, 60 tional to its circulating concentration and can provide up to mg / kg, i.v.; Upjohn Laboratories, Kalamazoo, Michigan) 87% of substrate oxidation [15] . Despite its potential as previously described [17] . One week after treatment importance as an energy source for the heart very few with STZ, the rats were sacrificed and hearts were perfused investigations have examined the effect of diabetes on as described in Section 2.1. The dosage of STZ was chosen myocardial lactate oxidation.
to produce a moderate hyperglycemia and mild ketosis. Glucose and lactate have a common primary entry point into the TCA cycle via the conversion of pyruvate to 2.1. Isolated rat heart preparation acetyl-CoA by pyruvate dehydrogenase (PDH). Thus, it might be anticipated that glucose and lactate oxidation Rats were anesthetized with ketamine (100 mg / kg i.p.), would be regulated by similar mechanisms. Furthermore, heparinized (500 U / 100 g i.p.), and decapitated. Blood decreased PDH activity is one of the major consequences was collected for serum glucose, triglyceride, b-hydroxyof diabetes on the heart [12] and is presumed to be the butyrate and lactate measurements. Hearts were quickly main rate limiting step in glucose oxidation. Consequently, excised and perfused on modified Langendorff preparation one might expect that diabetes would have a similar effect with Krebs-Henseleit bicarbonate buffer equilibrated with of decreasing both glucose and lactate oxidation rates. On 95% O :5% CO (388C, pH 7.4). The buffer contained the 2 2 the other hand diabetes has been reported to decrease the following components (mmol / l): NaCl 118, KCl 4. glycolysis [12] . Therefore, it is possible that following glucose 116lactate / pyruvate 0.5 / 0.05. Pyruvate was diabetes, lactate oxidation could be affected to a lesser added to the perfusate to produce a physiologic ratio of extent than glucose. If this were the case, then given the 10:1 for lactate:pyruvate, in order to minimize perturbaavailability of lactate as a substrate, this might limit the tions of the cytosolic redox state that would occur with metabolic and physiological consequences of decreased lactate alone [18] . (Glucose plus lactate / pyruvate is abglucose oxidation on the heart in vivo.
breviated to just glucose plus lactate in the rest of the text.) The purpose of this study, therefore, was to determine A balloon was inserted into the left ventricle via the mitral the relative contributions of glucose and lactate to myocarvalve and connected to a Gould P23Db pressure transducer dial energy production under normal conditions and folfor continuous measurement of left ventricular contractile lowing diabetes. We tested the hypothesis that following function. The balloon volume was adjusted to obtain a left diabetes the inhibition of glucose oxidation would be ventricular end diastolic pressure of 5 mm / Hg. A second greater than the inhibition of lactate oxidation. The hypothtransducer was connected to the arterial perfusion line for esis was tested using isolated hearts from normal and the continuous monitoring of perfusion pressure and flow 13 diabetic rats perfused with a mixture of C-labeled was adjusted to maintain perfusion pressure at 75 mm / Hg. 13 glucose and lactate. C-NMR spectroscopy was used to determine the relative contribution of both lactate and 2.2. Physiological measurements glucose to the total acetyl-CoA pool entering the TCA cycle [16] . Hearts were isolated from the animals in order Left ventricular pressure (LVDP) and heart rate (HR) to minimize effects of systemic differences between conwere measured continuously throughout the experiment; trol and diabetic animals on substrate utilization. This cardiac performance was assessed using the rate pressure enabled us to control the exogenous substrates available product (RPP5LVDP3HR). Samples of the perfusate and for energy production. Fatty acids are an important source coronary effluent were collected at 20-min intervals for determination of coronary flow and myocardial oxygen [21, 22] 13 High resolution C-NMR spectra were collected using a The serum triglyceride and b-hydroxybutyrate levels Bruker 500-MSL NMR spectrometer equipped with 11.75 were measured by kits purchased from Sigma Chemical T magnet using a commercial 10-mm probe as described (St. Louis, MO). Serum glucose and lactate concentration previously [26] . Preliminary studies showed that hearts taken directly glutamate, and the isotopomer distribution were indisfrom the animal had consistently higher lactate dehydrotinguishable from those collected under fully relaxed genase (LDH) activity compared with Langendorff-perconditions; however, data acquisition was significantly fused hearts, presumably due to the presence of red blood shortened. The relative contributions of lactate and glucose cells in the vascular space. As a result, the K and V for to the total acetyl-CoA pool entering the TCA cycle were m m a x LDH were measured in control (n55) and diabetic hearts determined from glutamate isotopomer analysis [16] using (n56) following 30 min of perfusion with glucose as sole software developed and kindly provided by Dr. Mark substrate. Tissue was homogenized with phosphate buffer Jeffrey (TCAcalcE; University of Texas Southwestern [19] containing (mmol / l): KH PO 100; ADP 1; GlutaMedical Center). 2 4 thione, 10; EDTA 10; at pH 7.2, followed by 10-min centrifugation (9150 g 48C). The LDH activity was 2.8. Experimental protocol measured in the supernatant at room temperature and all assays were carried out within 4 h after homogenization
The experimental protocol is summarized in Fig. 1 . and centrifugation. The reaction buffer contained (mmol / After approximately 30 min of equilibration, the perfusion 13 l): Tris base 112, KCl 100, b-NAD 6.5, at pH 9.3 [20] . medium was switched to buffer containing C-labeled The final lactate concentration used to start the reaction substrates and perfused for an additional 60 min. With LDH for lactate determined. contribution of glucose to total substrate oxidation in the absence of any other exogenous substrates was determined. was not significantly different between the untreated controls and diabetic rats. In Table 1 (b) it can be seen that in the diabetic group, serum glucose concentration was three times higher than that of untreated controls, ranging from 26 to 40 mmol / l compared with 5 to 11 mmol / l in controls. Serum b-hydroxybutyrate and triglycerides increased 18-and 11-fold respectively in diabetic rats compared with control. There was no significant difference in serum lactate concentrations between the two groups. Lactate levels were higher than those typically found in the resting state presumably as a result of treatment with heparin and ketamine prior to sacrifice and / or a conse- 13 13 glucose was [1-C]glucose 99% enriched. C-labeled lactate was [3- 13 13 13 quence of decapitation. Hall et al. [27] showed that in C]lactate and C-labeled pyruvate was [3-C]pyruvate.
diabetic pigs arterial lactate concentrations were not sigand unlabeled glucose (Series 3), was used to determine nificantly different from non-diabetic animals despite a the contribution of lactate oxidation in the presence of three to four-fold increase in glucose concentrations. These glucose. Hearts were freeze clamped with Wollenberger data are consistent with STZ-treated rats being diabetic, tongs precooled to constant temperature (21968C) in and are similar to our previous work [17, 26] as well as liquid N at the end of each experiment.
others [28] . 2 
Statistics 3.2. Cardiac function
Data are presented as mean6SEM throughout. Single Fig. 2 shows HR, LVDP, RPP, and MVO after 20-min 2 13 comparisons of means were performed using two-tailed perfusion with C-labeled substrate for all groups. In all student's t-test. Groups and repeated measurements were groups there was a small but significant decrease in RPP 13 compared by analysis of variance (ANOVA) in combinaover the duration of perfusion with C-labeled substrateś tion with Scheffe's test for post-hocs. The analyses were (12-20% decline over 60 min; p,0.05, ANOVA with performed with Statview statistical software (Abacus Conrepeated measures). ANOVA with repeated measures also cepts, Berkeley, CA, USA). Significance was established at demonstrated significant differences between the control p,0.05. and diabetic groups perfused under the same conditions. Since all groups exhibited the same behavior, functional data from only a single time point are presented for clarity.
Results
LVDP and RPP were both significantly lower in the diabetic groups compared to the appropriate controls.
Characteristics of diabetic rats
Interestingly in control hearts perfused with glucose and lactate as substrates, LVDP and RPP were significantly The diabetic animals were significantly lighter than the lower compared to perfusion with glucose alone. There control group at the time of sacrifice (Table 1a) . This was a were no between-or within-group differences in MVO . 2 consequence of a modest loss of weight (30-40 g ) The fact that function was depressed in the diabetic group following the induction of diabetes compared to moderate and yet oxygen consumption was not significantly different weight gain (20-30 g ) in the control group. The frozen suggests that there might be a decrease in energy efficiency heart weight was also significantly smaller in the diabetic in the diabetic group. To determine whether this might be group; consequently, the heart weight to body weight ratio the case, energy efficiency was estimated by dividing the described previously [17] . In hearts perfused with [3- 13 13 C]lactate rather than [1-C]glucose, the resulting spectrum is very similar to that shown in Fig. 3 except that the 13 [1-C]glucose resonances are not present.
In Fig. 4 , only the glutamate-C resonances are shown 4 for control and diabetic hearts under the different perfusion conditions. In all these spectra the glutamate resonance consists of a singlet and a doublet, and the differences between the experiments is apparent by differences in the relative intensities of these peaks. The singlet results from the C -glutamate labeled with carbon-13 at C only (i.e., 4 4 no label at the C or C position); whereas the doublet 3 5 arises when the C -and C -carbons of glutamate are both 3 4 labeled with carbon-13 but the C -carbon is unlabeled (i.e., creases, the probability that both the C -and C -carbons of 3 4 ments in each group are as follows -Control: glucose only512; glucose1 glutamate will be enriched increases and thus the propor- (for example see Ref.
[16]).
When glucose is present as the sole substrate, the C D 4 34 RPP by the oxygen consumed for each heart. For control doublet in the diabetic heart is lower than in the control hearts with glucose alone and glucose plus lactate as heart (Fig. 4, upper panel) , which is consistent with a substrates this estimate of efficiency was 3.760.2 and decrease in glucose oxidation following diabetes as previ- 3 13 3.660.4310 mmHg / mmole O and in the diabetic groups ously reported [17, 26] . Entry of C-labeled glucose into 2 3 this was calculated to be 3.660.4 and 3.260.3310 the TCA cycle in both control and diabetic groups was mmHg / mmole O for glucose alone and glucose plus significantly decreased when unlabeled lactate was present 2 lactate respectively. From this analysis it is clear that the (middle panel). When the label was on lactate rather than relationship between contractile function and oxygen conglucose (lower panel), there was significant incorporation sumption is unaltered following diabetes and is not affectof the label into glutamate in control hearts consistent with ed by the presence of lactate.
the relatively large amount of lactate oxidation relative to glucose. However, the satellites of glutamate C were 4 3.3. Metabolic features of control and diabetic rat much lower in the diabetic hearts than in the controls, hearts indicating decreased lactate oxidation. These spectra were analyzed along with the C -and C -glutamate isotopomers 2 3 13 Fig . 3 shows a typical C-NMR spectrum of an extract as described by Malloy et al.
[16] and the contribution of 13 13 from control rat heart perfused with [1-C]glucose alone C-labeled substrates to acetyl-CoA entering the TCA for 60 min. Resonances from glucose, glutamate, aspartate, cycle were calculated and the results presented in Fig. 5 . natural abundance taurine, dioxane (standard), lactate and
In control hearts perfused with glucose as the sole alanine are all clearly evident. Incorporation of the label substrate, approximately 85% of acetyl-CoA entering the 13 13 from [1-C]glucose into glutamate and aspartate, from TCA cycle was derived from the exogenous C-labeled transamination of the TCA cycle intermediates a-ketoglucose (see Fig. 5 ). In the diabetic group this decreased glutarate and oxaloacetate respectively, indicate the metabsignificantly to about 50%, consistent with our previous olism of glucose to pyruvate and subsequent flux of studies [26] . The remaining unlabeled acetyl-CoA (14 and pyruvate through pyruvate dehydrogenase (PDH) into the 50% respectively for control and diabetics) originates from TCA cycle. Similar spectra were obtained in extracts from either glycogen or triglycerides (see below for more 13 diabetic hearts except for a marked reduction of C-label details). In control hearts perfused with glucose and lactate, incorporation into the glutamate and aspartate pools as approximately 29% of acetyl-CoA was derived from lactate as substrates the decrease in carbohydrate oxidation Series 3). Interestingly in diabetic hearts perfused with the following diabetes is due to a decrease in lactate but not same combination of substrates, the contribution of gluglucose oxidation. cose to acetyl-CoA was not decreased relative to controls.
In order to determine the effects of a higher conHowever there was an almost three-fold decrease in the centration of exogenous lactate on the contributions of contribution from lactate. It is noteworthy that the addition lactate to energy production, lactate and pyruvate conof lactate did not affect the contribution of endogenous centrations were increased to 1 and 0.1 mmol / l respectivesubstrates to energy production in either group. ly. A comparision of lactate oxidation rates at 0.5 and 1.0 Although the analysis of glutamate-labeling patterns mmol / l lactate are presented in Fig. 6b . It can be seen that provides a measurement of the relative contribution of in the control group lactate oxidation rates increased by lactate and glucose to acetyl-CoA entry into the TCA |50%, whereas in the diabetic group oxidation rates cycle, it does not provide actual rates of substrate oxidation increased almost three-fold but were still significantly which are dependent on cardiac work and basal energy decreased compared to the control. As a result of the demands. Oxygen consumption (MVO ) directly reflects greater increase in lactate oxidation in the diabetic group at 2 the rate of total substrate oxidation, and mitochondrial 1.0 mmol / l, the rate of lactate oxidation was a little less electron transport. It is possible therefore to combine the than 50% of the control rate compared to |25% of the relative contributions of lactate and glucose with the control level at 0.5 mmol / l. It is interesting to note that measurement of MVO to calculate the actual rates of although the relative increase in lactate oxidation was 2 glucose and lactate oxidation. In hearts perfused with clearly different between the two groups the absolute glucose alone, glucose oxidation rates were 0.7160.11 and oxidation rates increased by about the same amount, i.e., 0.3160.08 mmoles / min / g ( p,0.05) in control and dia-|0.4 mmoles / min / g in both groups. The increase in lactate betic groups respectively; indicating a marked inhibition of concentration had no effect on contractile function in either glucose oxidation. The rates of glucose and lactate oxidacontrol or diabetic groups. For example the RPP in the tion in hearts perfused with both substrates are shown in control group was 24 70061300 and 26 40061200 Fig. 6a and these data clearly demonstrate a profound mmHg / min with 0.5 mmol / l and 1.0 mmol / l lactate respectively; in the diabetic group the RPP was 14 10061900 and 16 80063700 with 0.5 and 1.0 mmol / l lactate respectively. compared to 0.5 mmol / l lactate). The relative contribution of lactate increased to 78.262.4% ( p,0.05 compared to 0.5 mmol / l lactate); thus the increase in lactate oxidation can be accounted for by both a decrease in the contribution of glucose and a decrease in the contribution of endogenous substrates to energy production. The contribution of glucose to energy production with 1 mmol / l lactate as substrate was not determined in the diabetic group due to signal-to-noise constraints. The contribution of lactate to total energy production increased from 21.864.3% at 0.5 mmol / l lactate to 59.366.9% with 1.0 mmol / l ( p,0.05); this was still significantly depressed compared to the control group. The K and V of LDH for lactate were measured in m m a x myocardial tissue homogenates in order to determine whether changes in lactate oxidation in the diabetic group could be due to an alteration in enzyme function. The maximal activity of LDH was 82.366.2 and 72.863.6 mmoles / min / g for control (n55) and diabetic (n56) LDH isoform distribution showed that there were also no heart [12] , lactate oxidation might be affected to a lesser a LDH15H4 isoform; LDH25H3M1 and LDH35H2M2.
extent than glucose. Surprisingly, neither of these outcomes was observed in this study. We found that glucose significant differences between control and diabetic groups oxidation in diabetic hearts perfused with both glucose and ( Table 2) .
lactate as substrates was the same as controls. In contrast, Myocardial glycogen content was measured in both there was a three to four-fold decrease in lactate oxidation control and diabetic hearts under four conditions: (1) in (Figs. 5 and 6) . In other words, in hearts perfused with hearts immediately following sacrifice; (2) after 30 min of glucose and lactate as substrates, diabetes does not result in perfusion with glucose alone; (3) after an additional 60-a decrease in glucose oxidation. Instead, the decreased min perfusion with glucose alone and (4) after an additioncarbohydrate entry into the TCA cycle is entirely due to an al 60-min perfusion with glucose plus lactate (Fig. 7) . In inhibition in the conversion of lactate to pyruvate. We the control groups, glycogen content was the same under believe that these results demonstrate for the first time that the four conditions. In hearts from diabetic animals, the diabetes leads to a specific inhibition of lactate oxidation initial glycogen content was three times higher than that of independent of it effects on pyruvate dehydrogenase. controls; however, there was a 55% decrease in glycogen Despite the potential importance of lactate as an energy content following 30 min of perfusion. Thus at the time source for the heart there have been very few inves- 13 when perfusion with C-labeled substrates started there tigations into the effects of diabetes on myocardial lactate were no differences in glycogen content between control metabolism. In heart homogenates from diabetic dogs, and diabetic groups. Following an additional 60 min of lactate oxidation was found to be decreased by 54%. perfusion with glucose alone, there was a further decrease However, lactate was the sole substrate and there was no in glycogen content in the diabetic group; however, there measurement of glucose oxidation [29] and the results was no change after perfusion for 60 min with glucose plus were interpreted as being consistent with an inhibition of lactate.
PDH. Chen and co-workers found that diabetes decreased both lactate and glucose oxidation to a similar extent in myocytes isolated from control and four week diabetic rats 4. Discussion [30] . As the duration of diabetes increases, there is an increasing inhibition of glucose oxidation [12] ; thus, it is Glucose and lactate have a common primary entry point possible that with longer periods of diabetes the differinto the TCA cycle via the conversion of pyruvate to ences between glucose and lactate oxidation observed here decrease. More recently Hall and colleagues [27] examined myocardial substrate uptake in vivo in diabetic swine. They found that glucose uptake was decreased by almost 60% in the diabetic group; however, net lactate uptake was more than 90% lower following diabetes. Since net lactate uptake reflects rates of lactate oxidation [31] these results, are consistent with our observation that diabetes has a more pronounced effect on myocardial lactate oxidation than glucose oxidation. The decreased lactate oxidation relative to glucose oxidation in the diabetic heart, indicates that the conversion of lactate to pyruvate is inhibited; this could occur at the level of lactate transport or LDH. However there were no differences between control and diabetic groups for either the V or K for lactate. There was also no max m difference in LDH isoform distribution between control and diabetic groups ( LDH. We also found that there was no difference in the expression of the lactate transporter MCT1 in the two lactate, lactate-derived pyruvate contributed more than groups ( Table 2 ) which suggests that the defect in lactate twice as much acetyl-CoA to the TCA cycle than glucoseoxidation is not at the site of entry into the cell. However, derived pyruvate and more than four times as much with 1 it should be emphasized that we have not measured MCT1 mmol / l lactate. This indicates that under normal conactivity only the protein content. It is possible that diabetes ditions lactate exerts a strong inhibitory effect on the leads to some post-translational modification of the protein metabolism of glucose to pyruvate either at the level of itself which may decrease activity. Alternatively, changes glucose transport [39] [40] [41] or glycolysis [42] . It is possible, in membrane composition could also affect its activity.
therefore, that in the diabetic heart the decrease in lactate Increasing lactate concentration from 0.5 to 1.0 mmol / l oxidation could be due to a decrease in the inhibitory resulted in about a 50% increase in lactate oxidation in the effect of lactate on the flux from glucose to pyruvate. This control group, whereas in the diabetic group, lactate would increase the formation of glucose-derived pyruvate oxidation rates more than doubled. Thus, in diabetic hearts relative to the formation of lactate-derived pyruvate which perfused with 0.5 mmol / l lactate, the rate of lactate would have the same consequence on the relative contribuoxidation was only 27% of control, and increased to 45% tions of glucose and lactate to acetyl-CoA formation as a at 1.0 mmol / l lactate. This would be consistent with the specific inhibition of the flux from lactate to pyruvate. decreased flux from lactate to pyruvate not being a However, if this were the case this would indicate an consequence of altered protein expression or activity but increase in glycolysis which would be counter to the work possibly a result of increased cytosolic pyruvate conof Randle and colleagues and [39, 43] as well as Gamble centration or altered redox state. Based on simple princiand Lopaschuk [44] who have reported decreased glyples of mass action, an increase in cytosolic pyruvate colysis in the diabetic heart. following diabetes might be expected to decrease the flux In all experimental groups there was a contribution of from lactate to pyruvate. It has also been shown that the endogenous substrates to acetyl-CoA formation ranging H -isozyme of LDH (the predominant isozyme in heart) is from 10-15% in the control group and |50% in the 4 inhibited by pyruvate [32] ; thus, an increase in cytosolic diabetic group. The endogenous substrates could be pyruvate could decrease the rate of formation of pyruvate glycogen, triglycerides or amino acids resulting from from lactate via this mechanism. However, Ramasamy et proteolysis. It is unlikely that proteolysis contributes al. [33] found no difference in tissue pyruvate concensignificantly since the rate of proteolysis required to trations in perfused hearts from control and diabetic rats.
contribute only 10% of acetyl-CoA entry into the TCA
1
An increase in the cytosolic ratio of NADH / NAD cycle is at least one order of magnitude greater than that could also lead to a decrease in the flux through LDH. measured in the perfused heart [45] . In control hearts there Puckett and Reddy [34] reported a decrease in the malatewere no differences in glycogen content in any of the aspartate shuttle activity in mitochondria from diabetic groups examined suggesting that there is no breakdown of rats, which could result in an increase in the cytosolic glycogen. Consequently, it is unlikely that the contribution 1 NADH / NAD ratio. Recently, an increase in the ratio of from endogenous substrates is due to glycogenolysis. Thus, lactate to pyruvate in hearts from diabetic rats has been in the control group at least, triglycerides are the most reported [33] . This would also be consistent with an likely source of unlabeled substrate entry into the TCA 1 increase in the cytosolic NADH / NAD ratio. Metabolism cycle in control hearts. of glucose through the polyol pathway leading to the In the diabetic group, the results are a little less clear, as accumulation of sorbitol has been implicated as playing a there was a marked decrease in glycogen during the first role in the development of many of the complications of 30 min of perfusion and a further decrease in glycogen diabetes [35] . One of the potential consequences of flux during the next 60 min with glucose alone. However with through this pathway is an increase in oxidation of sorbitol glucose plus lactate as substrate there was no further to fructose by sorbitol dehydrogenase resulting in an decrease in glycogen content (Fig. 7) . The marked break-1 elevation in the ratio of NADH / NAD in the cytosol down of glycogen during the first 30 min of perfusion is [35, 36] . There is evidence that diabetes-related vascular consistent with the reported increased sensitivity of diaand neural dysfunction can be related to increased sorbitol betic hearts to glycogenolysis [46] . The glycogen content oxidation and thus possibly associated with an increase in at 'baseline' is at the end of 30 min of perfusion with 1 cytosolic NADH / NAD [36] . Recent studies have also unlabeled substrates and immediately prior to perfusion 13 shown that inhibition of the polyol pathway may mediate with C-labeled substrates for an additional 60 min. There diabetes related cardiac dysfunction, possibly by decreaswas no further change in glycogen content in the diabetic 1 ing the NADH / NAD ratio [33, 37, 38] . group perfused with glucose plus lactate. Therefore similar Based on the relative concentrations of exogenous to the control hearts, triglycerides rather than glycogen glucose (11 mmol / l) and lactate (0.5 and 1.0 mmol / l), the appear to be the principal source of unlabeled substrate amount of glucose-derived pyruvate should exceed lactateentry into the TCA cycle in the diabetic group. This would derived pyruvate by a factor of 44 or 22 respectively, if be consistent with other studies that have demonstrated a there was simple competition at the level of pyruvate.
significant increase in endogenous fatty acid utilization in However, in control hearts perfused with 0.5 mmol / l the diabetic heart resulting from breakdown in triglycerides [47] [48] [49] . This is also in agreement with recent studies from and grants from the Natural Sciences and Engineering our laboratory in which we found no significant decrease Research Council of Canada (AB) and the Heart and in triglyceride content in hearts from control hearts but an Stroke Foundation of Ontario (AB). We would like to almost 80% decrease in the diabetic group perfused with thank K.J.A. McCullagh for technical assistance with the glucose and lactate as substrates [50] . In the diabetic group measurement of MCT1 and LDH expression; Dr. A.-M. with glucose as the only substrate, the glycogen level is Seymour for stimulating discussions on this work which significantly lower than baseline at the end of the perfusion were facilitated by a NATO Collaborative Research Grant period and thus we cannot completely rule out a contribu-(CRG 940624) awarded to Dr. Seymour and Dr. L. Becker tion from glycogen to acetyl-CoA formation in that series for helpful comments and advice regarding the manuscript. of experiments.
Streptozotocin was kindly provided by Pharmacia & The concentration of lactate used in many of the UpJohn Company, Kalamazoo, MI. experiments reported here (i.e., 0.5 mmol / l) was lower than that typically found at rest in vivo (i.e., |1 mmol / l) and much lower than that measured here in animals
